We demonstrate that doping the semiconductor zinc tin oxide (ZTO) with yttrium leads to a highvoltage thin film transistor (HVTFT) with enhanced switching performance. Adding 5% yttrium leads to an increase in the on-off ratio from 40 to 1000 at an operating voltage of 500 V and to a drop of the subthreshold swing from 65 to 35 V/dec. The performance is improved because of the reduction of the saturation voltage and because of a decrease in the off-current from several lA for undoped ZTO HVTFTs to 100 nA for Y 5% ZTO. The decrease in saturation voltage and off-current can be attributed to a lower trap concentration leading to enhanced space-charge limited current and to a decrease in the background charge carrier concentration. At a 500 V bias voltage, an inverter circuit with a yttrium-doped ZTO HVTFT can control the output voltage between 50 V and 500 V, while the undoped ZTO HVTFT can only control the output voltage between 150 V and 450 V. The improvement in high voltage performance of yttrium-doped ZTO HVTFTs is important for future work related to high voltage thin film transistors made of amorphous oxide semiconductors as it demonstrates that this technology enables HVTFTs with simultaneously high operation voltage, high on-current, and high on-off ratio. Published by AIP Publishing. https://doi.org/10.1063/1.5048992
solar cells, 3 and soft actuators such as dielectric elastomer actuators (DEAs). 4 Designing high-voltage components that can be integrated with these transducers, such as high-voltage diodes 5 or high-voltage thin film transistors (HVTFTs), [1] [2] [3] [4] [6] [7] [8] [9] [10] is critical to achieve more complex devices such as arrays, 1, 4 displays, 3, 4, 6 or soft robots. 11, 12 Integrated high-voltage electronics can replace the more traditional bulky optocouplers and power MOSFETs, which limit the compactness of arrays made of high voltage transducers. In particular, HVTFTs are interesting components as they enable compact integration of high voltage transistors on flexible insulating substrates. 4, 9 HVTFTs require a different architecture compared to their lower voltage counterparts, which are designed for optimal operation below 10 V. The HVTFTs can operate at high voltage with a gate electrode offset from the drain, also called offset gate, 1, 3, 4, [6] [7] [8] [9] [10] a thicker gate dielectric with high breakdown strength 4, 13 and field plates. 7, 9, 10 These modifications to the transistor gate increase the device breakdown voltage by 1 to 2 orders of magnitude. 1, 4, 9 However, those modifications strongly decrease the HVTFT transistor performance: the on-off ratio of a HVTFTs is usually lower than 10 4 and the subthreshold swing value can be higher than 10 V/dec. The performance of HVTFTs also depends on the semiconductor used for the channel. Amorphous oxide semiconductors (AOSs) offer advantages over other semiconductors for use in HVTFTs, such as amorphous silicon (a-Si), 1, 7 polycrystalline silicon (poly-Si), 6, 14 and organic materials: 9, 10 AOSs exhibit a high mobility of up to 100 cm 2 / V s 15 and are resistant to short channel effects and therefore to high electric field effects. 16, 17 AOSs generally exhibit ntype behaviour, and their electronic properties can be tuned by varying the stoichiometry of the metallic cations. 18, 19 Zinc tin oxide (ZTO), in particular, is an interesting AOS as it is an indium free and ternary alloy, which is printable and can exhibit a mobility of up to 30 cm 2 /V s. 23 We reported in Ref. 4 a ZTO HVTFT with a high on current of I on ¼ 100 lA operating at 1 kV. However, the on-off ratio of such a ZTO HVTFT is low, 20 at 100 V gate voltage, because of its high off-current higher than 1 lA.
In this letter, we report the design and characterization of the first ZTO HVTFT doped with yttrium. By comparing doped and undoped HVTFTs, we demonstrate that doping ZTO with yttrium leads to better transistor performance at high voltage: the YZTO HVTFTs have a high on-current of 100 lA, an improved on-off ratio of 10 3 , and reduced high electric field effects at 500 V. The device had an offset gate of 50 lm and a dielectric stack made of Al 2 O 3 and Parylene-C to achieve 500 V operation. It was fabricated on a flexible substrate, polyimide. In an n-type inverter circuit architecture under a 500 V bias voltage, the YZTO HVTFT could switch the output voltage from 50 to 500 V, while an undoped ZTO HVTFT could only drive it from 150 V to 450 V.
Yttrium zinc tin oxide is a quaternary AOS with three metallic cations, yttrium, zinc, and tin. In the ZTO thin film, Yttrium acts as a strong oxygen binder. For low-voltage technologies (<100 V operation voltage), yttrium doping has been reported to cause improvements of the on-off ratio and the decrease in the subthreshold swing at low concentration doping (<5%). 19, 21, 22 At a higher concentration, adding yttrium leads to the formation of insulating regions of yttrium oxide in the thin film and, consequently, to lower performance. Author to whom correspondence should be addressed: alexis.marette@ epfl.ch
To operate a 500 V YZTO HVTFT, a dielectric stack consisting of a 1 lm Parylene-C and a 100 nm Al 2 O 3 layer was used, as well as an offset gate shifted by 50 lm, similar to the architecture shown in Ref. 4 . The channel length was 500 lm in order to avoid short-channel effects under a high electric field. The HVTFT channel width was 5 mm resulting in a W/L of 10. The semiconductor synthesis used the same sol-gel process requiring an annealing step at 450 C as described in Ref. 4 . As a consequence, a top gate coplanar electrode architecture was implemented to ensure compatibility with the Parylene-C used as part of the gate dielectric. Figure 1 is a cross-section and a top-view of the HVTFTs.
The HVTFTs were fabricated on a polyimide substrate (UBE, Upilex 50S) coated with a 20 nm-thick aluminium oxide layer deposited by atomic layer deposition (ALD). ZTO and YZTO were synthesized based on a sol-gel process with chloride precursors. 20, 23 The precursor solution was made from 0.2 M commercial zinc chloride (99.9% purity, Sigma-Aldrich) and tin chloride (>99.9% purity, SigmaAldrich) with Z:T ¼ 2:1 mixed in acetonitrile (>99.9% purity, Sigma-Aldrich) and ethylene glycol (anhydrous 99.8% purity, Sigma-Aldrich). Yttrium chloride (>99.9% purity, Sigma-Aldrich) was then added to produce solutions with 0%, 3%, and 5% of yttrium concentration. The solutions were stirred for 24 h. The semiconductor was deposited by spin-coating (500 rpm) on the polyimide substrate. To solidify the thin film, it was first cured at 120 C in air for 1 h. The sol-gel process was triggered by annealing the film at 450 C in air for 1 h. The thin-film thickness was evaluated by ellipsometry to be 40 nm. A comparison between the HVTFTs made with ZTO, Y 3% ZTO, and Y 5% ZTO is summarized in Table I . The oxygen spectra of the synthesized ZTO and YZTO thin films are shown in Fig. 2 . The deconvoluted spectra (530 eV for Metal-Oxygen-Metal bonds in red and 531.4 eV for oxygen vacancies in green) are represented in the plot. The concentration of oxygen vacancies increased with the increasing yttrium concentration: 12%, 19%, and 22% vacancies for ZTO, Y 3% ZTO, and Y 5% ZTO doped ZTO films, respectively. The dielectric was made of a stack of 100 nm ALD aluminium oxide and 1 lm Parylene-C layers. The source, drain, and gate electrodes have been patterned by the e-beam evaporation of 200 nm-thick aluminium films through shadow masks.
The HVTFT current versus voltage behaviour was characterised with a high-voltage measurement setup consisting of two high-voltage regulated DC-DC converters (EMCO CA20P for the drain and CA02P and CA02N for the gate) and a shielded current-voltage amplifier. 24 Ten HVTFTs were tested for each doping level. The output characteristics (I d -V d ) are plotted in Fig. 3(a) for ZTO, Fig. 3(b) for Y 3% ZTO, and /V s for Y 5% ZTO. The subthreshold swing for these high-voltage TFTs decreased with the increasing yttrium concentration with 65 6 15 V/dec, 49 6 10 V/dec, and 35 6 15 V/dec for undoped, 3% doped, and 5% doped ZTO. Adding 5% of yttrium led to a reduction by an order of magnitude of the off-current, from 2 lA for undoped and 3% yttrium doped ZTO down to 100 nA for 5% yttrium doped ZTO. An on-off current ratio of 10 3 was achieved for 5% yttrium doping in comparison to 30 for undoped ZTO and 3% yttrium doped ZTO. The saturation voltage shifted to lower values with the increasing yttrium concentration, suggesting that high voltage effects due to the offset gate, such as space-charge limited current, affected less the HVTFT with a higher yttrium concentration.
We then evaluated the behaviour of the undoped and yttrium doped ZTO HVTFT when incorporated in a resistive-load inverter. The circuit consists of a 100 MX pull-up bias resistor and a pull-down HVTFT. Figure 5 order of 40 V in all cases, demonstrating that the three inverters can operate as high-voltage analog amplifiers.
To explain the better electrical characteristics of yttrium doped ZTO HVTFTs, we first discuss the drop in off-current and then in saturation voltage. The decrease in off-current is in agreement with recent published research on low-voltage yttrium doped metal oxide TFTs. 21, 25, 26 The increase in oxygen vacancies seen in Fig. 2 has been attributed to the size of the yttrium atom, which leads to disorder in the structure of the metal oxide thin film. 21 This has been reported to lead to the formation of deep donors, which have a minor impact on the semiconducting properties of YZTO. 22 The decrease in the off-current of YZTO could therefore be due to a substitution of shallow donors in the undoped ZTO thin film with deep donors in the YZTO thin film. The drop of saturation voltage correlates with the evolution of the shape of the pre-saturation region of the HVTFT with the increasing yttrium concentration. Several groups have shown that the current in the offset region of the HVTFT is space-charge limited. 4, 7, 9 As a consequence, the presaturation region does not have a linear shape but a quadratic shape. The current density flowing through a space-charge region with traps follows a modified Mott-Gurney's law
where l is the semiconductor mobility, ee 0 the permittivity of the semiconductor, L its length, V the voltage applied across it, and h 0 the proportion of total free charges, which can be expressed as
where q f and q t are the density of free charges and trapped charges in the semiconductor, respectively, N c is the density of states in the conduction band, N t is the density of traps, A is the energy distance of the trap energy level from the conduction band, k B is Boltzmann's constant, and T is the temperature. We can distinguish two cases: case (i) the concentration of trapped charges is negligible in the offset region compared to the number of free charges (h 0 ¼ 1) as shown in Fig. 6 (a); and case (ii) the concentration of trapped charges is important in the offset region (h 0 < 1), as shown in Fig. 6(b) . Figure 6 (c) shows the experimental output characteristic data for a gate voltage of 80 V for ZTO, Y 3% ZTO, and Y 5% ZTO normalized by their respective saturation current. Using the analytical expression in Eqs. (1) and (2), we plotted the output curves for an offset region with a negligible number of traps (in dashed) and with the increasing trap concentration (continuous lines). The decrease in the trapped charge density leads to a current increasing slower in the pre-saturation region in the output characteristics, thus implying an increase in saturation voltage. The comparison between the simulated output characteristics and the experimental data suggests that the addition of yttrium leads to a decrease in the density of trapped charges in the offset region. The Y 5% ZTO output characteristics approach then a trap-free behaviour. According to Eq. (2), the concentration of trap states could be several orders of magnitude smaller than the density of states in the conduction band. Electron traps, in particular, might be far less abundant in YZTO thin films than in ZTO thin films. The increase in the subthreshold swing with the increased yttrium concentration can also be interpreted as a decrease in the trap concentration in the semiconductor, corroborating this analysis. In addition to space-charge limited current, self-heating effects could also affect the HVTFTs and have an impact on the electrical characteristics as demonstrated for AOS in Ref. 28 . In summary, we experimentally demonstrated that yttrium-doped YZTO HVTFTs have superior performance compared to undoped ZTO HVTFTs, exhibiting a higher onoff ratio and high on-current and operation at 500 V. In an inverter biased with a 500 V power supply, the Y 5% ZTO HVTFTs could control the output voltage between 50 and 500 V with only 35 V gate voltage swing. This work demonstrates that cation concentration tuning, an advantage specific to metal oxide semiconductors, is not only critical to optimize HVTFT performance but also can lead to the reduction of undesirable effects of high voltage operation. Future work includes optimization of the yttrium doping concentration, reliability studies of the HVTFTs, and their system implementation with high voltage actuators. 132101- 4 Marette, Shea, and Briand Appl. Phys. Lett. 113, 132101 (2018) 
